We investigate the decays of third generation scalar quarks in the Minimal Supersymmetric extension of the Standard Model, focusing on the three-body modes. We calculate the partial widths of the decays of heavier top and bottom squarks into the lighter ones and a fermion pair [through virtual vector boson, Higgs boson or gaugino exchanges] and the partial widths of the three-body decays of both top squarks into bottom quarks and a pair of fermion and scalar fermion [we consider the case of lighterτ orb states] and into a bottom quark, the lightest neutralino and a W or a charged Higgs boson H ± . Some of these decay modes are shown to have substantial branching ratios in some areas of the parameter space.
Introduction
In the Minimal Supersymmetric extension of the Standard Model (MSSM) [1] , the spinzero partners of third generation standard chiral fermions can be significantly lighter than the corresponding scalar partners of first and second generation fermions. This is essentially due to the relatively large values of third generation fermion Yukawa couplings which enter in the non-diagonal entries of the sfermion mass matrices, the diagonalization of which turn the left-and right-handed current eigenstatesf L andf R into the mass eigenstatesf 1 andf 2 [2] . The mixing can generate a sizeable splitting between the masses of the two physical states and leads to a lighter sfermionf 1 with a mass possibly much smaller that the masses of the other sfermions. The situation can be even more special in the case of the lightest top squark,t 1 , whose mass can be smaller than the one of its partner the top quark, mt 1 < ∼ m t , to be compared with the experimental lower bound on the masses of the first and second generation squarks, mq > ∼ O(250 GeV) [3] . The fact that the top quark is heavy leads to distinct phenomenological features for the decays of its scalar partners. Indeed, while the other squarks can decay directly into (almost) massless quarks and the lightest neutralino χ 0 1 , which is always kinematically accessible since in the MSSM the neutralino χ 0 1 is assumed to be the lightest supersymmetric particle (LSP), the decay channelst i → tχ are not accessible and the only two-body decay channel which would be allowed is the loop induced and flavor changing decay into a charm quark and the LSP,t i → cχ 0 1 [4] . The other possible mode is the four-body decay channel into a bottom quark, the LSP and two massless fermions,t i → bχ 0 1 ff ′ , which occur through virtual exchange of top quarks, charginos and scalar fermions [5] .
For relatively heavier top squarks, the three-body decay channels
where H ± is the MSSM charged Higgs boson, can be accessible; Fig. 1a -b. These decays have been discussed in Ref. [6, 7] 
become possible [4, 7, 10] , Fig. 1c . In the case of the lightest top squarks, they can be largely dominating over the loop induced cχ 0 1 mode. In this paper, we point out that these three-body decay modes are important not only for the lightest top squark, but also for the heavier one. In addition, we investigate a new possibility which is the decay of the top squarks into a fermion-antifermion pair and the lightestb state, which is mediated by the virtual exchange of W and H + bosons:
b 1 can become the lightest scalar quark in the case where the ratio of the vacuum expectation values of the two-Higgs doublet fields in the MSSM, tan β, is large 2 .
For the heavier top squark,t 2 , another possibility would be the three-body decay into the lightest top squark and a fermion pair [with f = b] through the exchange of the Z and the MSSM neutral Higgs bosons [the CP-even h, H and the CP-odd A bosons],
These modes apply also for the charged decays of heavier bottom squarks into top squarks (and vice-versa) which, as in eq. (3), occur through W and H + boson exchanges
For bb final states, one needs to include in the case oft 2 →t 1 bb the contributions of the exchange of the two charginos states χ + 1,2 ; Fig. 1d -e. This is also the case of the decay mode,b 2 →b 1 bb, where one has in addition, the virtual exchange of neutralinos and gluinos, Fig. 1e , which have to be taken into account. The latter process is a generalization [since the mixing pattern is more complicated] of the decay modes of first and second generation squarks into light scalar bottoms discussed in Ref. [14] , and would be in competition with at least the two-body modeb 2 → bχ In this paper we analyze all the three-body decay modes, eqs. (2-5), discussed above. We will give complete analytical expressions for the Dalitz plot densities in terms of the energies of the final fermions as well as the fully integrated partial decay widths. In addition, we investigate thet 1 andt 2 decay modes of eq. (1) which have been already discussed in Ref. [7] for the lightest top squarkt 1 . In this case however, only the Dalitz densities will be given; the more complete and lengthy formulae can be found in Ref. [15] .
The rest of the paper is organized as follows. In the next section, we will discuss the main properties of top and bottom squarks and summarize their two-body decay modes for completeness. In sections 3 and 4, we analyze respectively, the decay modes of top and bottom squarks into lighter sfermions and fermion pairs, and the decays of the two top squarks into neutralinos, b quarks and W or H + bosons. A numerical illustration is given in section 5 and a brief conclusion in section 6. Figure 1: Feynman diagrams for the three-body decay modes of top and bottom squarks.
while the couplings c ij and d ij for the charged decay mode are given, fort i decays, by:
and
forb i state decays [in the case of τ sleptons, one has to replace in the previous equations, b by τ and to set m t = 0 and θ t = 0]. In these equations, N and U/V are the diagonalizing matrices for the neutralino and chargino states [17] with
In the case of top squarks, these decays might be not accessible kinematically, and the only allowed two-body decay will be the loop induced and flavor changing decay mode into a charm quark and the lightest neutralino,t i → cχ 0 j . To a good approximation, the partial decay widths [in mSUGRA] are given by [4] :
The widths are suppressed by the CKM matrix element V cb ∼ 0.05 and the (running) b quark mass squared m 
Two-body decays ofq 2 into gauge and Higgs bosons
If the mass splitting between two squarks of the same generation is large enough, the heavier squark can decay into a lighter one plus a gauge boson V = W, Z or a Higgs boson Φ = h, H, A, H ± . The partial decay widths are given at the tree-level by 5 :
Γ(q i →q
In these equations, the couplings of the Higgs bosons to squarks, gq iq ′ j Φ , read in the case of neutral Higgs bosons:
The QCD corrections to these decay modes have also been calculated and can be found in Ref. [18] .
with the coefficients r 
In the case of the charged Higgs boson, the couplings to squarks are given by (25) with the matrix Cqq′ H ± summarizing the couplings of the H + bosons to the squark current eigenstates; it is given by
Turning to the couplings of squarks to the W and Z gauge bosons, one has
Finally, for the next section, we will need the couplings of the W, Z gauge bosons and the four Higgs bosons h, H, A and H ± to fermions [r f 1,2 are defined above]:
and the couplings of W and H + bosons to chargino/neutralino pairs:
Decays into scalar fermion final states
In this section, we will analyze the decay modes of top and bottom squarks into lighter scalar fermions, their quark partners and bottom quarks. We will neglect for simplicity the masses of the final state fermions [except in the Yukawa couplings] since, even in the case of the bottom quark and tau lepton, it is a very good approximation for thet and b masses of the order O(100 GeV) that we are considering. In the case of top quark final states, the t-mass effects have of course to be taken into account and they can be found in Ref. [15] . However, in this case and for top squarks for instance, the two-body decayst i → tχ 0 1 are kinematically allowed and will dominate over all other decays. Thus, throughout this paper, we will not consider t-quark final states and take all the fermions to be massless.
Scalar top decays into lighter sleptons
We start by considering the decay of top squarks 6 into lighter sleptons,t i → bll j withl j being either a sneutrinol j ≡ν l or a charged slepton eigenstatel 1,2 [l = e, µ, τ ], which occurs through the exchange of the two chargino states, χ ± 1,2 . In terms of the reduced energies of the final state particles and the reduced slepton mass defined as:
the Dalitz density of the decay mode reads:
with the two functions dGl 1kl and dGl 2kl are given by
Integrating the functions over the phase space, with boundary conditions:
one obtains the functions Gf 1ij and Gf 2ij which read:
In the case where χ j = χ i = χ [i.e. for the squared terms], the expressions simplify to:
Scalar top and bottom decays into lighter squarks and fermion pairs f = b
The neutral decaysq 2 →q 1 ff, withq =t orb, are mediated only by Z boson and h, H, A boson exchanges if the final state fermion is not a partner of the decaying squark. The Dalitz density, with the reduced energies
and the reduced mass squared µq = m 
where x 1 and x 2 are as above and the reduced mass is now µq = m
; N C is the color factor of the fermion f , N C = 3 for quarks and N C = 1 for leptons.
The two functions for the exchange of gauge bosons and scalar bosons dFq
Integrating over the phase with boundary conditions as in eq. (37), and using the phase space function,
one obtains the integrated functions 8 for the partial decay widths [which have to be multiplied by the same factors as in eqs. (42,43)]
The latter function reduces in the case where Φ = Φ ′ , i.e. for the squared terms, to
Scalar top and bottom decays into lighter squarks and bb pairs
In the case of the decayst 2 →t 1 bb, there are additional contributions with the exchange of charginos, while in the case of the decayb 2 →b 1 bb one has to include the contributions of virtual neutralinos and gluinos. The Dalitz density eqs. (42,43) have then to be transformed according to:
Note that the sums run only on the virtual states; for instance, in the case of the decaỹ b 2 →b 1 bb one has to discard the exchange of the lightest neutralino χ The functions dGf 1kl and dGf 2kl have been given previously, while the new functions dGf V i and dGf Φi are given by:
9 If the finite widths of the exchanged particles are consistently included in the expressions, one can use them also for on-shell exchanged particles. However, in the case of the decayb 1 → bχ 0 1 this procedure has always to be done since χ 0 1 is stable.
When integrating over the phase space, one obtains:
with the functionf, with arguments r
where in terms of the Spence functions defined as, Li 2 (x) = 0 x dt t −1 log(1 − t), one has:
Scalar top decays into W, H + bosons and the LSP
In this section we will analyze the three-body decay modes of top squarks,t i → bχ + discussed in Refs. [6, 7] since here, we will consider both top squarks in the initial state and any neutralino in the final state. Here again, we will neglect the b-quark mass in the amplitude squared and in the phase space, as well as the finite widths of the exchanged particles [the latter can be easily included in the propagators]; the complete expressions with a finite m b value in the propagators and in the phase space [which gives a better approximation for stop masses of order 100 GeV] can be found in Ref. [15] .
In terms of the reduced energies of the final particles
the Dalitz densities for the decay modest i → bχ 
where the terms correspond to the square of the contributions of the sbottom, chargino and top quark exchange diagrams and the interference terms. 
The various combinations of couplings C 0..9 read as follows:
Note that there are two typographical errors 10 in the corresponding expressions for these amplitudes in terms of the four-momenta, given in Ref. [6] . In eq. (18) for the amplitude square of the chargino exchange contribution, the term 2m 
with the various combinations of couplings D 0..9 given by:
Numerical illustrations
A Fortran code called SDECAY [20] has been developed for the numerical analysis; all the partial decay widths and the branching ratios for the two-body and three-body decay modes of scalar quarks [as well as the decays of charginos, neutralinos, gluinos, sleptons and the four-body decays of the lightest to squark] have been implemented. It has been interfaced with the programs SUSPECT [21] for the calculation of the supersymmetric particle spectrum [including the renormalization group equations for the evolution of the SUSY parameters and the implementation of radiative electroweak symmetry breaking] and the program HDECAY [22] for the Higgs boson spectrum and couplings [17, 23] where the renormalization improved two-loop radiative corrections in the MSSM Higgs sector [24] and the QCD corrections to the Higgs couplings [25] have been incorporated.
We begin our numerical illustration with the decays of the lightest top squarkt 1 . We will concentrate on the "unconstrained" MSSM, where for simplicity, we use a common soft-SUSY breaking scalar mass mq for the three generations of squarks and ml for the three generations of sleptons, i.e.
[We will also assume that the mixing between different generations is absent at the tree-level, otherwise the decay modet i → cχ 0 j would already occur at this stage.] The mass splitting between the two mass eigenstates will be then only due to the different D-terms of mf L and mf R and to the off-diagonal entries of the sfermion mass matrices. The mixing is made strong in the stop sector by taking large values ofÃ t ∼ O(1 TeV); in this case the mixing angle is either close to θ t = π/2 (no mixing) or to ±π/4 (maximal mixing) for respectively small and large values of the entry m tÃt compared to the diagonal entries of the mass matrix. The mixing is strong in theb andτ sectors for large values of tan β and the parameter µ, almost independently of A b and A τ which will be fixed to 100 GeV. In the gaugino sector, we will make the usual assumption of the unification of the gaugino masses at the GUT scale, leading to the relation
In Fig. 2 , we show the branching ratios of the decays of the lightest top squarkt 1 as a function of tan β for large values of µ = −750 GeV. This implies that the lightest chargino and neutralinos are gaugino like for M 2 < ∼ 300 GeV, with masses m χ In Fig. 2a , the common slepton mass is chosen to be relatively small, ml = 280 GeV, to allow fort 1 decays into staus and the pseudoscalar A boson mass is taken to be relatively large, M A = 250 GeV, implying a too heavy charged Higgs boson, M H + = M For small values of tan β, tan β < ∼ 7, the mixing is too strong in the stop sector and t 1 , being too light to have three-body decays, will mainly decay into cχ W becomes kinematically accessible; it will be largely dominant, with a branching ratio above ∼ 80%, up to tan β ∼ 30. For tan β close to the latter value,τ 1 becomes relatively light and the decayt 1 → bτ + 1 ν opens up and becomes competitive, the branching ratio reaching a maximum at tan β ∼ 40. For even larger values of tan β,b 1 becomes also light and the three-body decayt 1 →b 1 ff will be the leading decay channel. For tan β > ∼ 50, mt 1 is larger than M W + mb 1 and the two body-decayt 1 →b 1 W opens up and will have a branching ratio close to unity [however, at this stageb 1 will eventually become lighter than the LSP neutralino].
In the scenario of Fig. 2b , the common slepton mass is taken to be larger than previously, ml = 500 GeV, leading to heavier sleptons [in particularτ 's] while the pseudoscalar Higgs boson mass is chosen to be smaller, M A = 100 GeV, leading to a lighter charged Higgs boson, M H + ≃ 126 GeV, which can thus appear in the decay modes of thet 1 state. The other parameters are taken to be mq = 450 GeV and A t = 800 GeV, while M 2 is fixed to 300 GeV. This gives a scalar fermion spectrum, again for tan β = 5 (45), of mt 1 ∼ 200 (300) GeV, mb In this scenario, since thet 1 mass is slightly larger than previously, the channelt 1 → bχ 0 1 W is already kinematically open for small values of tan β, and will be the dominating decay mode until the channelt 1 → bχ 0 1 H + becomes kinematically accessible. The latter will be largely dominating for 20 < ∼ tan β < ∼ 40, reaching a branching ratio of ∼ 90% for tan β ∼ 35, until the opening of the decay channelt 1 →b 1 ff which becomes accessible for tan β ∼ 35. This channel becomes then quickly the dominant decay mode oft 1 . Note that for tan β > ∼ 45, mt 1 becomes larger than mb 1 + M W and we have the two-body decay modet 1 →b 1 W which has a branching ratio very close to unity.
Let us now turn our attention to the "Constrained MSSM" or minimal Supergravity model (mSUGRA) [26] where the soft SUSY breaking scalar masses, gaugino masses and trilinear couplings are universal at the GUT scale; the left-and right-handed sfermion masses are then given in terms of the gaugino mass parameter M 1/2 , the universal scalar mass m 0 , the universal trilinear coupling A 0 and tan β. The soft SUSY breaking scalar masses and the trilinear couplings at the low energy scale are given by their Renormalization Group Equations, the one-loop approximations of which are given for instance in Ref. [23, 26] . The parameter µ [up to its sign] is fixed by the requirement of proper electroweak symmetry breaking. In mSUGRA and in the relatively small tan β regime, due to the running of the (large) top Yukawa coupling, the two top squarks can be much lighter than the other squarks, and in contrast with the first two generations one has generically a sizeable splitting between mt L and mt R at the electroweak scale. Thus, even without large mixing,t 1 can be much lighter than the other squarks in this scenario.
In Table 1 Table 1 : Some examples of branching ratios for the three-body decays oft 1 in the mSUGRA model for M 1/2 = 250 GeV, sign(µ) = − and mt 1 ∼ 200 GeV.
We turn now to the decays of the heavier top squark,t 2 . In principle,t 2 should have the same decay modes as the lightert 1 if the two squarks have approximately the same mass [which means that the mixing is not too strong if the left-and right-handed soft-SUSY breaking scalar masses, mt L and mt L are approximatively the same]. The branching ratios would be, however, different because of the different couplings. However, if the mass splitting between the two stop eigenstates is sizeable, the additional modẽ t 2 →t 1 ff through Z and neutral Higgs boson exchanges has to be taken into account. This is shown in Fig. 3 where the decays oft 2 are displayed as a function of tan β, for µ = −350 GeV and M 2 = 310 GeV. We have taken A t = A b = A τ = −100 GeV and a common slepton mass ml = 200 GeV; in the squark sector, we have used a common mass mq = 400 GeV for the first and second generation squarks but non-universal masses mt L = mb ∼ |µ|] so that the coupling is suppressed by m b /M W . One also needs rather small tan β values not to enhance the couplings which are proportional to 1/ cos β. However, even in this case, the three-body decayb 1 →t 1 W * →t 1 ff ′ for instance has a small branching ratio: it is only in a rather limited range of the MSSM parameter space that it reaches the level of a few percent. This is shown in Fig. 4 , where for the chosen set of soft-SUSY breaking parameters, BR(b 1 →t 1 ff ′ ) exceeds the percent level only for relatively small values of tan β. The smallness of the three-body decay rates is mainly due to the fact that in the MSSM one has to take into account the experimental constraints on the squark masses and on tan β from the negative Higgs boson searches at LEP. In an unconstrained MSSM, for instance without the unification of the gaugino masses at the GUT scale [see Ref. [27] , for examples of models], several constraints on the SUSY parameters can be relaxed and some three-body decays might become important. In particular, as it has been recently discussed in Ref. [14] , the decayb 2 →b 1 bb through virtual gluino exchange can be competitive [since it is a strong interaction process] with the decay channelb 2 → bχ 0 1 if the gluino mass is not too large compared to the lightest neutralino masses, as it might be the case in the models discussed in Ref. [27] . 22 
Conclusions
We have performed a comprehensive analysis of the decays of third generation squarks, focusing on the three body decay modes. Because of the large value of the top quark mass and the possible large mixing in the stop and sbottom sectors which leads to sizeable splitting between the masses of the two physical states, the decay pattern of scalar top [and to a lesser extent bottom] quarks can be dramatically different from the decay pattern of first and second generation squarks, which simply decay into their almost massless partner quarks and neutralino or chargino states.
Several new decay channels, including the cascade decays of heavier squarks into lighter ones and fermion-antifermion pairs as well the decays of both top squarks into W, H + bosons and the lightest neutralinos or into leptons and lighter sleptons, are possible. In some areas of the MSSM parameter space, these additional decay modes can have sizeable branching fractions, and they can even be the dominating decay modes. These channels need therefore to be taken into account in the search of scalar top and bottom quarks at present and future colliders.
